Lignins and lignin-derived compounds are known to have antibacterial properties. The wound healing agents in the form of dressings produce faster skin repair and decrease pain in patients. In order to create an efficient antimicrobial agent in the form of dressing in the treatment of chronic wounds, a composite hydrogel of bacterial cellulose (BC) and dehydrogenative polymer of coniferyl alcohol (DHP), BC-DHP, was designed. Novel composite showed inhibitory or bactericidal effects against selected pathogenic bacteria, including clinically isolated ones. The highest release rate of DHP was in the first hour, while after 24 h there was still slow release of small amounts of DHP from BC-DHP during 72 h monitoring. High-performance liquid chromatography coupled with mass-spectrometry showed that BC-DHP releases DHP oligomers, which are proposed to be antimicrobially active DHP fractions. Scanning electron microscopy and atomic force microscopy micrographs proved a dose-dependent interaction of DHP with BC, which resulted in a decrease of the pore number and size in the cellulose membrane. The Fourier-transform infrared absorption spectra of the BC-DHP showed that DHP was partly bound to the BC matrix. The swelling and crystallinity degree were dose-dependent. All obtained results confirmed BC-DHP composite as a promising hydrogel for wounds healing.
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Introduction
Bacterial cellulose (BC) is a natural polymer synthesized by different acetic acid-and other bacteria, accomplished by the presence of carbon (fructose, glucose, sucrose, and xylose) and nitrogen sources in fermentation medium [1] . BC polymer as hydrogel displays high water content (up to 99%), good sorption of liquids, high wet strength, high chemical purity and can be safely sterilized without any change of its structure and properties [2] . BC as biocompatible material [3] [4] [5] increase interest in developing of wide range biomedical applications [6] [7] [8] and one of them is wound healing [9] [10] [11] . In this complex process, the moisture in wound provided by different dressings produces faster skin repair and decreases pain in patients. Capability to absorb exudate, but also to inhibit or stop the growth of microorganisms present in that kind of environment are an important characteristics of a good wound healing agent. It was already shown that BC provides rapid tissue regeneration and significant capillary formation in the wound area [12, 13] , but without antibacterial effect.
Novel composites assume adding the antimicrobial agents in BC to provide better wound healing agents. Some of those different agents are: benzalkonium chloride [14] copper, silver
and ZnO nanoparticles [15] [16] [17] [18] , silver sulfadiazine [19] , polyhexamethylene guanidine hydrochloride [20] etc. Recent studies reported composites of BC with organic natural materials, such as silk sericin [21, 22] , chitosan [23] and propolis [24, 25] with antibacterial activity in wound healing.
BC porous structure allows high accessibility of compounds in the 3D network. The hydroxyl groups on the surface of BC provide the possibility of interaction by chemical bonds and electrostatic adsorption [26, 27] . In spite of growing number of publications about BC modifications for wound healing, there is a limiting application of BC composites as drugdelivery systems [28] .
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Lignin as the second most abundant biopolymer and lignin-derived compounds have been proposed to be a very good candidate in medicine and health maintenance as antimicrobials [29] [30] [31] [32] . They are attractive candidate in hydrogels as multipurpose materials for extensive applications in different fields [33, 34] . In our recent work, we have shown that dehydrogenative polymer of coniferyl alcohol (DHP), enzymatically synthesized lignin model compound from coniferyl alcohol (CA), in a hydrogel with alginate showed a strong antibacterial activity, peculiarly against Pseudomonas aeruginosa, Listeria monocytogenes, Staphylococcus aureus and Salmonella typhimurium [35] . P. aeruginosa is the most common multi-drug resistant pathogen present in chronic wounds that may account for 10% of all hospital-acquired infections, and is also found in burns, post-surgical wounds, pressure injuries and diabetic foot wounds. Secretions of this microorganism form a biofilm, which protects the bacteria from antibiotics and the immune system, making it challenging to eradicate these bacteria [36, 37] . Biofilm-forming bacteria are recognized as a major impediment to wound healing. The efficacy of traditional wound care against biofilminfected wounds is low, and there is a need to improve the design of the formulations of longterm release systems.
In this study we report the characterization of the BC-DHP hydrogel as the formulation of long-term release of DHP and its antimicrobial activity against P. aeruginosa and other detrimental biofilm-forming bacteria. This composite is proposed to be healing agent suitable for application in a form of dressing with prolonged effect on wounds.
Materials and Methods
Synthesis of BC, DHP, and preparation of the BC-DHP composite hydrogel
The bacteria culture Komagataeibacter intermedius IMBG180 (the collection of microorganisms of the Institute of Molecular Biology and Genetics, Kyiv, Ukraine) was used for the cellulose-based pellicle production. The culture was grown in HS medium [38] for 5
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The DHP of coniferyl alcohol (CA; Sigma Aldrich, Germany) was synthesized according to the procedure described in detail in [35] . Briefly, the reaction mixture of CA, H 2 O 2 , and horseradish peroxidase (Sigma Aldrich, Germany) was prepared in phosphate buffer, pH 7.3.
After mixing and shaking the resulting suspension of DHP was centrifuged and washed in doubly distilled water. Finally, the precipitate was air-dried and dissolved in 5% dimethyl sulfoxide (DMSO) water solution.
It was shown that BC pellicles pre-treated with 100% DMSO better bound DHP (see the
Results section 3.3).
In all here reported analyses, sterile purified BC membranes were used, pre-soaked in 100% DMSO for 24 h and then in different DHP solutions (0.5, 1 and 5 mg/mL; BC-DHP 0.5 , BC-DHP 1, and BC-DHP 5 , respectively) for 48 h. The BC hydrogels treated only with 100% DMSO were used as the control.
Fourier Transform Infrared (FT-IR) absorption spectroscopy
To assess the structural differences in BC-DHP 0.5 and BC-DHP 5 composite hydrogels in comparison with control BC the vibrational modes spectroscopy was used. Each sample was air dried on a glass slide in the form of a thin film. The film thickness was 0.025 -0.03 mm.
The IR absorption analysis was carried out with a Bruker-113v Fourier transform IR spectrometer. The measurements were performed at room temperature in the range of 500 -4000 cm −1 with a spectral resolution of 1.0 cm -1 .
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) imaging
The control BC and BC-DHP 0.5 , BC-DHP 1 and BC-DHP 5 composite samples (untreated and treated with 100% DMSO prior DHP impregnation) were coated with gold and studied using a ZEISS EVO 50XVP scanning electron microscope, equipped with INCA450 X-ray energy 
X-Ray Diffraction (XRD)
The phase composition of control BC, BC-DHP 0.5 , BC-DHP 1 and BC-DHP 5 composite samples was examined by X-ray diffraction (Raguku Ultima IV, Japan). The X-ray beam was nickel-filtered CuKα1 radiation (λ = 0.1540 nm, operating at 40 kV and 40 mA). XRD data were collected from 3° to 45° (2θ) at a scanning rate of 2°/min. Phase analysis was done by A cr and A am were the integrated areas of the crystalline and amorphous peaks after deconvolution of experimental patterns [39] .
Water holding capacity (swelling degree) of the composite hydrogel
The control BC, BC-DHP 0.5 , BC-DHP 1 and BC-DHP 5 composite samples were cut into pieces 3×2×0.3 cm large and lyophilized for 24 h. All samples were weighted and then 
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Antibacterial activity of BC-DHP composite hydrogel
The 
In vitro release of DHP from the BC-DHP composite hydrogel
The control BC and BC-DHP 1 composite membranes were cut into disks 28 mm in diameter and 1 mm average thickness. In vitro release of DHP from the composite samples was monitored in 15 mL PBS, pH 7.4. All experiments were performed at 37 ºC with constant shaking at 100 rpm. Aliquots of the sample (1 mL) were taken at predetermined time intervals (1, 2, 3, 24, 48 and 72 h) and concentration of DHP in dissolution media was determined spectrophotometrically (Shimadzu, Kyoto, Japan) at 272 nm. Immediately after measuring absorbance, aliquots were poured back into dissolution media, to maintain a constant volume. All experiments were performed in duplicate.
High-Performance Liquid Chromatography and Mass Spectrometry (HPLC/MS) analysis
Reversed phase HPLC/MS analysis was used for qualitative analysis of dissolved DHP L\h. The data acquisition and spectral evaluation for peak confirmation were carried out by the Waters Empower 2 Software (Waters, Milford, USA).
Results and discussion
Synthesis of bacterial cellulose-lignin composite hydrogel
As hydrogels, natural polymers and composite materials, represent both a bandage and a matrix for therapeutics in wound healing, the new composite hydrogel based on bacterial cellulose and lignin model polymer was designed. K. intermedius synthesizes the pure form of BC, which does not require intensive processing to remove bacterial cell and metabolites.
Sterile purified BC membranes, pre-soaked in 100% DMSO for 24 h and then in different DHP solutions (0.5, 1 and 5 mg/mL; BC-DHP 0.5 , BC-DHP 1 and BC-DHP 5 , respectively) for 48 h, were characterized and used in antibacterial analysis (Fig. 1) .
FT-IR absorption spectroscopy
The absorption spectra for DHP, control BC, BC-DHP 0. DHP 0.5 occurred but they were not observed in absorption spectrum due to the low sensitivity of absorption spectroscopy.
SEM and AFM imaging
In In cellulose polymer, glucose chains are forming fibers, which are further aggregating in ribbons (3 nm), and these ribbons, aggregating in filaments (30-100 nm), subsequently form a web-shaped network structure [47] . The control BC sample in this study showed nanoscale ACCEPTED MANUSCRIPT
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The topography of control BC and BC-DHP composite samples is presented in Fig. 4 .
The control BC sample consisting of the interconnected network of BC fibers organized into filaments 20 nm in diameter, was porous and with the noticeable smooth texture of background areas. All BC-DHP samples exhibited rough multiphase structure, consisting of a continuous network of BC fibers/filaments, randomly organized pores and DHP globules.
The branching interconnected fibers were fairly uniform in width, which was in the range of 0.7 -2.7 nm. On the other side, the synthetic analogue of lignin, DHP, is a branched molecule with the tendency to form globules organized in an onion like layered structure [49, 50] . In Obtained results showed that BC-DHP 0.5 composite had the best ability to absorb water during the whole monitoring time. The crystalline region of cellulose does not allow water to enter its region as it caused lower swelling ability of the material [56] . That theory was proven by the preceding study [57] showing that the lower the crystallinity of cellulose powder, the higher was the moisture sorption. Herein, control BC was the most amorphous sample and with the best ability to absorb water (97%) with the crystallinity index of 62%, which is similar to previously reported studies [58, 59] . Swelling capacities of the BC-DHP composites were predicted from the calculated degree of crystallinity. The crystallinity of
14 composites increased and their swelling ability decreased in a dose-dependent manner. Also, the IR crystallinity index revealed an increase in crystallinity for BC-DHP 0.5 in 1.26 and for BC-DHP 5 in 1.43 times. All mentioned characteristics are in coexistence with previously reported results where control BC had lower crystallinity than composites with pectin and xyloglucan [60] .
Antibacterial activity of BC-DHP composite hydrogel
The antibacterial activity of BC-DHP membranes is shown in Table 1 . BC-DHP exhibited antibacterial activity on all tested bacteria, with exception of P. aeruginosa and S. aureus #1*. The inhibition potential was only obtained towards S. aureus #2* and S. typhimurium, while the bactericidal effect was not achieved. Minimal inhibitory and bactericidal concentrations of DHP that were effective against L. monocytogenes and Serratia sp.* were in the range of 0.22-0.88 mg/mL. Bactericidal activity was observed against P. aeruginosa* at all tested concentrations of DHP, while S. aureus was sensitive at MBC 0.88 mg/mL.
Based on the obtained results, where BC-DHP hydrogel was effective against P. aeruginosa, S. aureus, and Serratia sp. isolated from the patients' chronic wounds, it has a potential to be used in medical treatments as antibacterial dressing. In order to characterize the mechanism of DHP release, the experimental data were fitted into different mathematical models, such as: zero-order, first-order, Higuchi and KorsmeyerPeppas kinetic model. The highest value of correlation coefficient (R 2 ) was obtained for the Korsmeyer-Peppas model (with the equation: Mt/M∝=ktn, where n is the release exponent related to the mechanism of the release). The n value was smaller than 0.5 (Fig. 7B) indicating that the release of DHP from BC-DHP composite can be characterized as a quasiFickian diffusion [61, 62] . All obtained results of in vitro DHP release study also showed that it was partially governed by DHP diffusion throughout the BC polymeric mesh and was dependent on the high swellability of the BC membranes. Lower water solubility of larger oligomers of DHP and their possible electrostatic interactions with BC could be responsible for the 50% of unreleased DHP from the membranes. Thanks to Khirunenko Ludmila from Institute of Physics, Kyiv, Ukraine, for professional assistance in clarification of absorbance bands.
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Highlights
 Novel composite BC-DHP in form of dressing showed inhibitory/bactericidal effect  BC-DHP showed highest release of the active substance during the first 24 h  Released active compounds were oligomers of coniferyl alcohol  High swellability of hydrogel confirmed its potential role in chronic wound healing
